A theory for the current noise associated with carrier generation and recombination in the space-charge region of p -n junctions is presented. We propose a noise model based on the response of the electric field to fluctuations of the trapped charge in this region, and make use of a collective transport-noise theory. The effects of the fluctuations of the space-charge region borders due to the fluctuations of the trapped charge are now taken into account. This new contribution is negligible when generation-recombination current governs the diode current. However, it is significant when diffusion current dominates, allowing the analytical study of generation-recombination noise to be extended to wider ranges of bias and temperature. Experimental results at low and high temperatures are explained with our theory. Empirical formulas of current noise density are also explained according to this complete theory of current noise calculation.
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I. INTRODUCTION
There are many fields of device physics where the study of generation-recombination noise is useful. In some cases, the effect of new technologies on noise behavior is studied: impact of substrate, 1 effect of dislocations, 2 dopant contamination, 3 or silicidation. 4 In other cases it is used as a medium for device characterization, such as devices in a radiation environment, 5 or GaN/AlGaN heterostructures. 6 The noise generated in a p -n junction, for the case in which most of the current flow is due to recombination in the spacecharge region, was theoretically studied by Lauritzen. 7 Subsequently, van Vliet 8 obtained the same expression with a collective transport-noise theory. One of the main conclusions they reached was that at moderate frequencies the resulting noise had an upper limit of 0.75 times the full shot noise of the recombination current. However, Wade and van der Ziel 9 measured the noise associated with the recombination current in the emitter space charge region of a p -n -p transistor at 100 K and relatively high bias, and found that the resulting noise was greater than this limit. They considered that the device was operated at a relatively high injection and that this would require a modification of the previous theory. Blasquez 10 accepts the idea that high injection effects give rise to an increment greater than the abovementioned. Thus, to enhance the recombination current over the diffusion current, and thus prevent the above ratio from being greater than the 0.75 value, he studies gate controlled diodes and transistors.
Many recent studies have aimed at modeling generation-recombination noise. A generationrecombination noise to shot noise ratio much greater than one was reported by Dai and Chen, 11 and other references therein indicated similar ratios. They pointed out that generation-recombination noise was significant at room temperature, and asserted that the noise caused by generation and recombination of carriers in p -n junctions exists in both recombination current and diffusion current. Hou et al. 12 also found a square current-diode dependence for the noise spectral density. Although explanations indicating how generation-recombination noise behaves have been given, further theoretical study is still required. A study that quantifies the noise, explains all these experimental results, and relates the macroscopic behavior of these devices ͑p -n junction in this case͒ to their internal parameters, is still lacking. This would allow a subsequent use of this theory to better characterize the defects found in semiconductors.
Thus, the aim of the present work is to present a basic theory in which previous results, obtained under different experimental conditions, are explained and previous theories taken into account. Thus, Sec. II describes what takes place in the whole space charge region when the trapped charge fluctuates. The following section makes a contribution to the theory formulated by van Vliet 8 and extends its applicability to other ranges of temperature and bias, because it is not necessary to operate at low temperatures or to design special structures to enhance the generation and recombination current. In Sec. IV a discussion is presented and experimental results explained with our theory. Finally, the main conclusions are drawn in Sec. V.
II. FLUCTUATIONS OF ELECTRICAL MAGNITUDES IN THE SPACE-CHARGE REGION
Let us consider a unidimensional p -n junction where generation-recombination centers are present. In steady state the total current has two terms: the diffusion current flowing out of the space-charge region and the generationrecombination current caused by the trapping-detrapping of free carriers in the space-charge region. The charge generated in the space-charge region must be collected at its edges a͒ Author to whom correspondence should be addressed; electronic mail: jajt@gcd.ugr.es and the charge lost in this region must be originated at the same edges since the neutrality condition must be fulfilled. The steady state conditions provide a well defined distribution of magnitudes such as potential, charge density, and electric field in the space-charge region of length W. If a fluctuation in the density of trapped electrons at the centers occurs, it subsequently induces a series of changes in the other magnitudes. Let us observe the sequence of modifications that follows a decrease in the charge density located at point x 0 ͑Fig. 1͒ in the space-charge region under the following assumptions: the transit times across this region must be short enough so as to restore, almost immediately, the charge imbalance of the free carriers, and a constant voltage is applied to the p -n junction. Under these assumptions, if the charge density decreases in the interval ͓x 0 ,x 0 ϩ⌬x 0 ͔ due to a fluctuation of the trapped charge in the deep levels ␦n T , an increment of the space-charge n region ⌬x n located at x n and a decrement of the space charge p region ⌬x p located at x p must follow to compensate for the fluctuation and maintain charge neutrality ͑Fig. 1͒. The opposite occurs if a positive variation of charge density takes place. The new distribution of charge density is Ј(x)ϭ(x)ϩ⌬(x), where (x) is the charge density without fluctuations and ⌬(x) ⌬͑x ͒ϭ
A modification of the charge density must also follow a variation of the electric field. The new electric field including the effect of the fluctuations is
where ⑀ S is the dielectric constant of the semiconductor. Subtracting the electric field without fluctuations from Eq. ͑2͒ gives
͑3͒
The new electric field distribution across the space-charge region is depicted in Fig. 2 . It is interesting to observe that the fluctuation of the electric field at the borders ⌬E(x p ) and ⌬E(x n ) ͓points ͑a͒ and ͑b͒, respectively, in Fig. 2͔ are not null, unlike examples where the depletion layer width is forced to be constant, such as in the study of generationrecombination noise in junction field effect transistors presented by Sah. 13 The value of the fluctuation of the electric field at these points is
where N A is the net acceptor concentration in the p region and N D the net donor concentration in the n region. In the general case of Nϩ1 points x i distributed through the depletion region where the density of the trapped charge fluctuates, the change of the electric field would be from Eq. ͑3͒: As can be observed, the fluctuating electric field depends on the variation of the borders of the space-charge region. Under the neutrality condition we obtain
͑7͒
and the fixed bias voltage condition
͑8͒
⌬x p and ⌬x n can be obtained from Eqs. ͑7͒ and ͑8͒
͑10͒
For a continuous fluctuation of the trapped charge in the space-charge region the increments can be substituted by differentials and the summations by integrals. In this case Eqs. ͑9͒-͑10͒ can be expressed in the form:
͑12͒
Thus, we can evaluate the fluctuation of the electric field ⌬E(x) and in particular its value at the borders by introducing Eqs. ͑11͒-͑12͒ into ͑4͒-͑5͒: 
where V bi is the built-in potential, and under fluctuations
III. GENERATION-RECOMBINATION CURRENT NOISE
To relate the fluctuations in the electric field and potential to the fluctuations in the current we make use of the theory developed by van Vliet 8 based on the transport equations for the electrons n, the holes p, and the trapped electrons n T :
Poisson equation, and the current equations:
J n ϭq n nEϩqD n ٌnϩq n ͑ r,t ͒, ͑21͒
where G n (G p ) and R n (R p ) are the electron ͑hole͒ generation and recombination rates,
R p ϭc p pn T , ͑26͒ n 1 and p 1 are the standard Shockley-Read quantities, N T is the trap concentration, c n and c p are the capture coefficients for electrons and holes, respectively, e n and e p are their emission coefficients, D n and D p are their diffusion coefficients, ␥ n , ␥ p , and ␥ are the Langevin terms which represent the generation-recombination noise of the transition rates, and n and p are the stochastic diffusion noise sources. 8 These last two terms are not considered under the assumption of short transit times of the free carriers. The variables appearing in Eqs. ͑18͒-͑26͒ can be split into steady state, described with the subscript s, and fluctuating parts, preceded by ⌬. From Ref. 8 the solution can be found for the dc current and its fluctuation ⌬I total (t):
where ⌬J n,dif and ⌬J p,dif are boundary conditions at the edges of the space-charge region, and the lifetimes 1 and 2 have been introduced:
The following relation clearly follows:
where t is the trap time constant. Taking into account the results of the previous section, the fluctuation of the current density at the edges of the space-charge region x p and x n ͑denoted as ⌬J n,x p and ⌬J p,x n respectively͒ must include two terms, a high frequency one depending on the diffusion current ͑⌬J n,x p Љ and ⌬J p,x n Љ ͒, and a second term, ͑⌬J n,x p Ј and ⌬J p,x n Ј ͒, depending on the fluctuation of the electric field at these borders, this being not null as demonstrated in Eqs ͑13͒-͑14͒:
͑35͒
On the assumption that frequencies are much lower than the reciprocal transit times, the last term of these equations is neglected. Then, we have for the boundary conditions
Therefore, it is more appropriate to rewrite Eqs. ͑28͒ and ͑29͒ as
͑39͒
The desired Norton generator for the fluctuating recombination current is found by integrating Eq. ͑27͒ over x p to x n and inserting Eqs. ͑38͒ and ͑39͒. The displacement current must also be included since under fluctuations the applied voltage extends over a variable space-charge region as shown in Fig. 1
Rearranging Eq. ͑40͒ and using Eq. ͑17͒
Eq. ͑41͒ can be rewritten as
Let the spectrum of ⌬I rec (t) Norton be S ⌬I rec ϭ2qI eq . ͑44͒
To calculate this spectrum we need to evaluate the autocorrelation and correlation functions of the variables X, Y, Z, and L. We can foresee the main components of the spectrum by analyzing these variables, defined in Eq. ͑42͒. X and Y were analyzed in Ref. 8 leading to low and high frequency terms. The new variable Z is correlated with X and Y at low frequencies; the variable L is correlated with X and Y at high frequencies; and Z and L are uncorrelated. Since we are only interested in low frequencies, and variables Z and L can be treated independently, variable L can be omitted in order to simplify the calculation. The procedure to obtain the high frequency term would be the same as that followed for the low frequency one. With these assumptions, the terminal noise is given by I eq ϭI eq,n ϩI eq,p ϩI eq,cross ϩI eq X,Z ϩI eq Y ,Z ϩI eq Z . ͑46͒
In order to distinguish our contribution from that of van Vliet we join the new terms in the variable I BC
Noting that all spectra contain delta functions we can write:
We must evaluate the multiple-fold integrals of Eq. ͑45͒ over these delta functions. To avoid unnecessary repetitions we write neither the calculation of the integrals nor the results of the first three terms, given in Ref. 8 . Thus, paying attention only to our last three new terms the result is
To obtain the results for the noise, a Fourier analysis of the variables ␦n T (x,t), (x,t), (x,t) is carried out, denoting the transformed quantities by n T (x,), (x,), and (x,), respectively. 8 Let us remember the calculation of one of these variables in order to get Z(x,). The fluctuation part of Eq. ͑20͒ has the form
Then the variable n T (x,) can be obtained by transforming Eq. ͑57͒:
The expression of our new variable Z(x,) is straightforward, combining Eqs. ͑42͒ and ͑58͒:
where
Next, we find the spectrum for the new contributions X͑x, ͒Z*͑ xЈ, ͒ϭϪ
͑61͒
We have used the fact that ␥ n ␥* and ␥␥* do not depend on j and t,1,2 (xЈ)→ t,1,2 (x)ϵ t,1,2 since all spectra contain delta functions. 8 From Eq. ͑61͒ and
we obtain
͑63͒
Similarly, we find the spectrum of Y (x,)Z*(xЈ,). The result is
͑64͒
Finally, for the spectrum
the result is
As can be seen in Eqs. ͑63͒, ͑64͒, and ͑66͒ a low frequency component is added associated with the boundary condition terms Eqs. ͑36͒ and ͑37͒. To obtain these new contributions we define:
From Ref. 8 we have
K ␥ ϭ2G ns ϩ2G ps ϩ2R ns ϩ2R ps , ͑70͒
where G ns , G ps , R ns , G ps are the steady forms of Eqs. ͑23͒-͑26͒ with
͑72͒
Using Eqs. ͑63͒, ͑64͒, and ͑66͒ and ͑68͒-͑72͒ we obtain
Adding Eqs. ͑54͒-͑56͒ and using the last three expressions:
As can be seen from Eqs. ͑73͒, ͑74͒, and ͑33͒:
By introducing Eq. ͑77͒ into Eq. ͑76͒, I BC can be written as
and K Y Z L can be expressed, introducing Eq. ͑32͒ in Eq. ͑74͒:
Thus, we finally complete the evaluation of Eq. ͑46͒ defining:
where i BC is
with Q(x) defined in Eq. ͑60͒.
IV. EXPERIMENTAL RESULTS
Once the expression for the generation-recombination noise has been obtained, we proceed to evaluate Eq. ͑46͒ with and without the new contribution I BC , to quantify its magnitude and explain the experimental results shown given in the literature. To do this, an abrupt and asymmetrical p -n junction with constant dopants in both regions and with a deep level in the midgap was analyzed at different temperatures; this choice has made in an attempt to cover most of the junctions found in actual devices ͑diodes, bipolar transistors͒. In order to compare our results with experimental data found in the literature we make use of the equivalent current noise ratio, Refs. 7 and 8, defined as the ratio between the equivalent saturated diode current Eq. ͑46͒ and the recombination current I R :
First, we consider temperatures low enough to make the recombination in the space-charge region predominant; simultaneously a forward bias voltage is applied to the junction and increased in order to enhance the carrier injection. Under these conditions, the equivalent current noise ratio including our term I BC was calculated at different temperatures and voltages. The result is depicted in Fig. 3 , where several facts can be highlighted. For the lowest temperatures and at low forward bias is equal to 1. At moderate voltages decreases to 0.75, in total agreement with the values previously obtained in Ref. 7 . However, when temperature or voltage increase, i.e., when injection effects appear, this equivalent current noise ratio suddenly increases, as can be seen in Fig. 3 . To quantify the contribution of I BC , we have also calculated making I BC ϭ0. Both curves, evaluated at 140 K, are represented in Fig. 4 ͑in continuous line our results and in dashed line I BC ϭ0͒. 7 As can be seen from Fig. 4 , when injection effects become noticeable our results sharply diverges from the 0.75 value. Experimental results reported by Wade and van der Ziel 9 at 100 K showed a ratio closer to 0.85, which increased slowly with bias. They suggested that this could be attributed to high injection effects and recommended a further study of this topic. In Fig. 5 we compared their results ͑solid circles͒ with our expression ͑solid line͒. Other values of c n and c p were also tested, c n ӷc p , c n Ӷc p , and c n ϭc p , all of them yielding the same qualitative result: an increment of the ratio with injection. However, different values of the capture coefficients give different values for the noise. In this sense, the capture coefficients can be used as free parameters in order to characterize deep levels in semiconductors. These experimental results are satisfactorily explained as being due to the modification of the boundary conditions of the current at the edges of the space-charge region, where the fluctuation of the electric field is not null. As the fluctuation of the electric field is multiplied by the value of the minority carrier concentration at these points, the generationrecombination noise increases with the injection ͓Eqs. ͑46͒, ͑60͒, ͑80͒, and ͑81͔͒.
Another important point that can be observed in Fig. 3 is that at 150 K and higher temperatures the ratio rapidly attains values greater than one even at low voltages. This means that for this range of temperatures the generationrecombination current is negligible compared to the diffusion current. At first sight one might explain this as a divergent behavior of the noise at higher temperatures. Therefore, it is desirable to analyze the behavior of the current noise spectral density Eq. ͑44͒ at room temperature, where most noise measurements are made, and empirical models that explain the behavior of the noise current density are usually presented. In the case of generation-recombination noise, the current and area dependence is found to be S I ϰI k /A kϪ1 ͑in the absence of perimetral effects͒ with kϷ3/2, 3, 4 where I is the current and A is the area of the diode. In our expression Eq. ͑81͒ such dependence does not appear explicitly. However, a dependence on the concentration of minority carriers at the edges of the space-charge region is found, and consequently there must be an implicit relation with the current. In order to deduce this dependence we proceeded to reproduce data where such behavior was experimentally observed. 4 To evaluate Eq. ͑46͒, the parameters of the p -n junction used in Ref. 4 were introduced in a simulator previously developed to analyze reverse-biased junctions with deep levels.
14 Now, to study forward-biased p -n junctions, the simulator was adapted to solve self-consistently the Poisson equation and drift-diffusion equations. Both results are depicted in Fig. 6 ͑symbols for experimental results and solid line for our numerical calculation͒ where the current noise density is represented versus the diode current for two diode areas. A very good agreement was achieved. Several facts can be highlighted from this agreement: first, our expression does not diverge at room temperatures, it only reflects the exponential behavior of the current versus voltage due to the dependence on the minority carriers at the edges of the space-charge region. Second, we obtained values of the same order as the experimental results, not only at low temperatures but also at room temperature. Finally, a dependence on parameters such as current and area of the diodes, similar to that shown in empirical expressions, is also achieved.
V. CONCLUSIONS
We have derived an analytical expression for the current noise density in which generation and recombination in the space-charge region of a p -n junction and high injection effects are taken into account. We have studied the fluctuations that take place in the space-charge region, originated by trapping-detrapping of free carriers by deep levels. The current fluctuations were observed to depend on boundary conditions at the edges of the depletion region. These boundary conditions depend on the fluctuating electric field at these points and on the value of the minority carrier concentrations. The fluctuation of the electric field is found to be influenced by the fluctuating trapped charge in the depletion region. The value of the minority carrier concentration at the edges of the space-charge region gives information about the intensity of the injection in the p -n junction. Therefore, the boundary conditions contain information about the origin of the noise and also about the region where the junction operates. Experimental results have been successfully reproduced at low temperatures where the generation-recombination current remains greater than the injection current, and at room temperature where the generation-recombination current is negligible, although the generation-recombination noise, which is modulated by the carrier injection, is not. Empirical formulas of the current noise density are also reproduced by our theory, confirming a relation proportional to I k /A kϪ1 (kϷ1.5) for the generation-recombination noise.
